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Abstract We consider the minimal version of an extension
of the standard electroweak model based on the SU (3)c ×
SU (3)L × U (1)X gauge symmetry (the 3-3-1 model). We
analyze the most general potential constructed from three
scalars in the triplet representation of SU (3)L , whose neu-
tral components develop nonzero vacuum expectation val-
ues, giving mass for all the model’s massive particles. For
different choices of parameters, we obtain the particle spec-
trum for the two symmetry breaking scales: one where the
SU (3)L ×U (1)X group is broken down to SU (2)L ×U (1)Y
and a lower scale similar to the standard model one. Within
the considerations used, we show that the model encodes two
first-order phase transitions, respecting the pattern of symme-
try restoration. The last transition, corresponding to the stan-
dard electroweak one, is found to be very weak first-order,
most likely turning second-order or a crossover in practice.
However, the first transition in this model can be strongly
first-order, which might happen at a temperature not too high
above the second one. We determine the respective critical
temperatures for symmetry restoration for the model.
1 Introduction
Extensive work has been dedicated to the study of the elec-
troweak phase transition in the standard model (SM) as well
as in many of its extensions. This interest is based for a
large part on the possibility that it might explain the baryon
asymmetry in the universe and that this asymmetry could be
produced at around the scale of the electroweak symmetry
breaking in the primordial hot Big Bang universe (for reviews
see, e.g., Refs. [1–3]). One of the necessary conditions for a
model to explain the baryon asymmetry of the universe is the
presence of nonequilibrium effects. In a phase transition, this
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can be achieved if the transition is first-order and its strength
is strong enough, in what is usually called a strong first-order
phase transition. This condition is parameterized by the ratio
R = 〈φ〉(Tc)/Tc, where 〈φ〉(Tc) is the value for the degen-
erate vacuum for the Higgs field at the critical temperature
Tc. A strong first-order phase transition is usually charac-
terized by the condition R > 1. In the SM this condition
cannot be achieved. Lattice Monte Carlo numerical simula-
tions of the electroweak standard model [4–6] have shown
that there is an endpoint in the phase diagram of the model
for a Higgs mass mH ∼ 80 GeV, where the phase transition
is weak first-order as the endpoint is approached from the
left and the transition becomes a smooth crossover for larger
Higgs masses. According to recent results from the Large
Hadron Collider (LHC), from the current combined results
from ATLAS and CMS experiments [7] have indicated the
existence of a Higgs boson with a mass 125.1 ± 0.3 GeV.
Thus, this gives no hope of achieving the necessary condi-
tions for producing a baryon asymmetry in the context of
the SM, since no significant departure from thermal equilib-
rium can be obtained during the phase transition dynamics.
This is one of the motivations for looking for extensions of
the SM and/or alternative models and the searches for new
scalar particles at the LHC, aiming to reveal the ingredients
needed for the strong first-order electroweak phase transi-
tion (EWPT), as required to produce the resulting observed
baryon asymmetry.
On the theoretical side, some extensions of the SM have
been analyzed and the kind of scalar was selected so as
to remedy the SM shortcomings. These extensions used to
enhance the SM are usually constructed with a scalar gauge
singlet [8], a complex scalar or a scalar from supersymmetric
degrees of freedom (in the context of supersymmetry exten-
sions of the SM) [9]. On the other hand, there are alterna-
tive models, with a larger particle spectrum than the SM,
that predict the existence of new gauge bosons and exotic
quarks that acquire mass from their couplings to new scalar
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fields. In particular, in this paper, we are exploring the phe-
nomenological aspects of an alternative to the SM based
on the SU (3)c × SU (3)L × U (1)X gauge symmetry, com-
monly known as the 3-3-1 model [10,11]. In this model,
the scalars are accommodated in a convenient fundamen-
tal representation of the SU (3)L symmetry group. From the
electric charge operator one can select its model version.
One particular version predicts the existence of new very
massive gauge bosons and exotic quarks. In this work, we
want to study and better understand the possible phase tran-
sition sequences associated with the symmetry breaking pat-
tern SU (3)L ⊗ U (1)X → SU (2)L ⊗ U (1)Y → U (1)EM in
the 3-3-1 model and whether it can produce the necessary
conditions required for generating a baryon asymmetry.
Let us outline some features of the model. Although at low
energies the model has the same spectrum as the SM, it offers
an explanation for basic open questions to the SM. In this
model, the family replication problem is solved when con-
sidering that all three families are required for the anomaly
cancellation procedure, resulting in the number of fermion
families to be a multiple of the quark color number. Con-
sidering that the QCD asymptotic freedom condition is valid
only if the number of families of quarks is less than five, one
concludes that there are three generations. Another interest-
ing feature of the minimal version of the model is the pre-
diction of an upper bound for the Weinberg angle, which
follows from a peculiar relation between new gauge boson
masses.
The remainder of this paper is organized as follows. In
Sect. 2, we present the main ingredients of the 3-3-1 model
related to the spontaneous symmetry breaking (SSB). We
give a brief exposition of its gauge, scalar, and fermionic
sectors, with a description of its spectrum of particles and
the main motivations for us seeing it as an interesting and
natural extension of the standard model. We also introduce
the more general potential compatible with the given sym-
metry. In Sect. 3, we obtain the scalar spectrum after the
SSB, explicitly showing the combination of the scalar fields
transferring mass to the massive gauge bosons. In Sect. 4,
we give the expression for the quantum and thermal correc-
tions at the one-loop order to the tree-level potential for the
model. In Sect. 5, we analyze and characterize the structure
of symmetry breaking patterns in the model and we discuss
our strategy for fixing the many parameters of the model so
as to maximize the possibility of finding a strong first-order
phase transition. We study the temperature-dependent one-
loop corrected potential as a function of each value expecta-
tion value of the background fields and we graphically iden-
tify the temperature corresponding to symmetry restoration.
From this analysis of the temperature dependence of the one-
loop corrected model spectrum, we conclude that, in the 3-3-
1 model, it shows two scales for first-order phase transition,
with the final one corresponding to the usual electroweak
phase transition, as being very weak first-order, or proba-
bly second-order in practice. Finally, in Sect. 6, we give our
concluding remarks.
2 The minimal version of the 3-3-1 model
In this section we recall the main characteristics of the min-
imal version of the 3-3-1 model [10,11] related to the spon-
taneous symmetry breaking mechanism. We start by the def-
inition of the electric charge operator,
Q = T3 + β T8 + X I, (1)
where T3 and T8 are two of the eight generators Ti (i =
1, . . . , 8) satisfying the SU (3) algebra, I is the unit matrix,
and X denotes the U (1) charge. The minimal version of the
model, used in this work, corresponds to the choice of the
parameter β = −√3.
To generate masses for all gauge and exotic quark fields
through spontaneous symmetry breaking, three triplets of


















The deviations of these fields from their ground state config-
uration vη, vρ , and vχ , are denoted by
η0 = vη + ξη + iζη,
ρ0 = vρ + ξρ + iζρ,
χ0 = vχ + ξχ + iζχ , (3)
where ξη,ρ,χ and ζη,ρ,χ are the deviations for the real and
imaginary components of the fields, respectively, and we
assume that the neutral part of each scalar develops a nonzero
real vacuum expectation value (VEV): 〈vη〉 = vη0 , 〈vρ〉 =
vρ0 , and 〈vχ 〉 = vχ0 . We impose the consistency of the model
with the SM phenomenology by adopting vχ0  vρ0 , vη0
and v2ρ0 + v2η0 = v2W = (246 GeV)2, where vχ0 gives the
energy scale for the symmetry breaking SU (3)L ⊗U (1)X →
SU (2)L ⊗U (1)Y , which is usually assumed to be at the TeV
scale, for consistency with the current observations [12].
The gauge bosons, associated with the gauge symmetry
SU (3)L of the model, consist of an octet Wiμ (i = 1, . . . , 8)
and a singlet Bμ, associated with U (1)X . The model also
predicts five vector bileptons: a single charged (V±μ ), a dou-
bly charged (Y±±μ ) and a new neutral gauge boson (Z ′μ), in
addition to the charged standard model gauge bosons (W±μ ),
the neutral (Zμ), and the photon (Aμ). These gauge bosons
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where g and g′ are the couplings defined in the covariant
derivative of the scalar fields 	 = η, ρ, χ,
Dμ	 = ∂μ	 + igWiμTi	 − ig′Bμ	. (10)
The new gauge fields acquire mass at a high scale when the
SU (3)L ×U (1)X group breaks down to SU (2)L ×U (1)Y , by
the χ SU (3)L scalar triplet, while the ordinary quarks and
SM gauge bosons get acceptable masses at the next stage
of SSB provided by the η and ρ triplets [13]. The resulting
















v2η0 + v2ρ0 , (14)
MZ ′ = vχ0√
3
√
g2 + 3g′2, (15)
where MW /MZ = cW , with s2W = 1 − c2W = 0.223 [14]
and g′, corresponding to the U (1)X gauge coupling, given
by g′ = g sW /
√
1 − 4s2W .
Let us mention that, if the leptons are to get their masses
at tree level within the usual Higgs mechanism, their Yukawa
couplings would require a scalar (S) belonging to a dimen-
sion six symmetric representation of the SU (3)L group [15].
We do not evaluate the tiny lepton masses generated by
SSB because they give a negligible contribution to the
effective potential. Moreover, introducing a sextet scalar
S with a background neutral field developing a VEV, say
vσ1 = 〈σ1〉, would modify the previous relation between the
field vacuum expectation values with the Weinberg scale to
v2σ1+v2η0 +v2ρ0 = v2W = (246 GeV)2, but keeping the adopted
estimate vχ  vη, vρ, vσ1 .
The quark content is embedded in the extended group
according to the multiplets QmL = (dm, um, jm)TL and
Q3L = (u3, d3, J )TL , where the SM quarks are u1,2,3 and
d1,2,3, whereas J , j1, and j2 are the exotic heavy quarks
needed to complete the fundamental representation. We
























Finally, the scalar masses are obtained from the most general,
gauge invariant, and renormalizable potential [13] for the
scalar fields η, ρ, and χ ,



















































i jkηiρ jχk + H. c.
)
. (18)
The tree-level potential, expressed in terms of the background
fields vη, vρ , and vχ , is
Vtree(vη, vρ, vχ ) = μ21v2η + μ22v2ρ + μ23v2χ + λ1v4η







+λ6v2ρv2χ + f1vηvρvχ . (19)
By following a similar choice of parameters as used, e.g.,
in Refs. [13,16], we fix the trilinear coupling f1 as f1 =
− f¯1vχ0 , where f¯1 is a dimensionless constant. In particular,
a common choice in the literature [13] is f¯1 = 1. The mass
parameters μ1,2,3 are determined by minimizing the tree-
















vη0vρ0 − 2λ3v2χ0 − λ5v2η0 − λ6v2ρ0 . (22)
The potential (18) has a too large number of, in principle,
free parameters, represented by the different possible magni-
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tudes for the ten couplings, λi , f1, i = 1, . . . , 9, the vacuum
expectation values for the triplet scalars, vχ0 , vη0 , and vρ0 .
Note that the constraint v2η0+v2ρ0 = v2W only tells us that these
two VEVs are related to the same scale (the Weinberg scale),
but it does not fix the proportionality factor between them,
i.e., we can parameterize vη0 and vρ0 as vη0 = φ0 sin(β) and
vρ0 = φ0 cos(β), where φ0 = vW , but, in principle, with
an arbitrary projection angle β. Note that a natural choice is
having vη0 = vρ0 , i.e., β = 45◦, however, in the literature
there are some motivations for having vη0 = vρ0 ; see, e.g.,
Refs. [17,18]. Thus, we have a total of 12 free parameters
for the scalar sector, composed of the ten couplings, the high
energy scale vχ0 associated with the first symmetry breaking
SU (3)L × U (1)X → SU (2)L × U (1)Y and the projection
angle β. In the scalar sector we can still fix one of these
parameters in terms of the others by making use of the Higgs
mass mH. The stability of the potential only constrains the
possible values for the couplings. In particular, λ1,2,3 should
be positive for overall stability of the potential in the η, ρ,
and χ directions, while the mixed couplings λ4,5,6,7,8 can in
principle be negative.
We observe that the symmetry breaking scale for the elec-
troweak theory down to U (1)EM is governed by vW . In addi-
tion, the lack of information as regards the individual roles of
vη and vρ fields in the SSB leads us to adopt, as already men-
tioned above, the polar parameterization vη = φ sin(β) and
vρ = φ cos(β), such that in the vacuum, φ0 = vW . Thus,
after the second spontaneously symmetry breaking, where
SU (2)L × U (1)Y → U (1)EM , it produces VEVs simulta-
neously for both η and ρ, but with an in principle arbitrary
projection angle β.
3 Mass spectrum for the scalars
The scalar sector for the 3-3-1 model can be divided in CP-
even and CP-odd scalar sectors. The CP-even and CP-odd
scalar sectors are further composed of a neutral scalar mass
matrix, two single charged scalar, and one double charged
scalar matrices. For the CP-even scalar sector, the neutral




μ21 + 6λ1v2η + λ4v2ρ + λ5v2χ 2λ4vηvρ − f¯12 vχ0vχ 2λ5vη vχ − f¯12 vχ0vρ
2λ4vηvρ − f¯12 vχ0vχ μ22 + 6λ2 vρ2 + λ4v2η + λ6v2χ 2λ6vρvχ − f¯12 vχ0vη
2λ5vη vχ − f¯12 vχ0vρ 2λ6vρvχ − f¯12 vχ0vη μ23 + 6λ3v2χ + λ5v2η + λ6v2ρ
⎤
⎥⎥⎥⎦ . (23)
In this sector one identifies two single charged scalars mass





1 + 2λ1v2η + (λ4 + λ7)v2ρ + λ5v2χ λ7vρvη + f¯12 vχ0vχ








1 + 2λ1v2η + λ4v2ρ + (λ5 + λ8)v2χ λ8vηvχ + f¯12 vχ0vρ
λ8vηvχ + f¯12 vχ0vρ μ23 + 2λ3v2χ + λ6v2ρ + (λ5 + λ8)v2η
⎤
⎦ . (25)






2 + 2λ2v2ρ + λ4v2η + (λ6 + λ9) v2χ λ9vρvχ + f¯12 vχ0vη




Eur. Phys. J. C (2016) 76 :344 Page 5 of 13 344
Next, we give the CP-odd scalar sector. The mass matrix of














3 + 2λ3v2χ + λ5v2η + λ6v2ρ
⎤
⎥⎥⎥⎦ . (27)
In this sector there are two mass matrices of single charged





1 + 2λ1v2η + (λ4 + λ7) v2ρ + λ5v2χ −λ7vηvρ − f¯12 vχ0vχ








1 + 2λ1v2η + λ4v2ρ + (λ5 + λ8) v2χ −λ8vηvχ − f¯12 vχ0vρ
−λ8vηvχ − f¯12 vχ0vρ μ23 + 2λ3v2χ + λ6v2ρ + (λ5 + λ8) v2η
⎤
⎦ , (29)





2 + 2λ2v2ρ + λ4v2η + (λ6 + λ9) v2χ −λ9vρvχ − f¯12 vχ0vη
−λ9vρvχ − f¯12 vχ0vη μ23 + 2λ3v2χ + λ5v2η + (λ6 + λ9) v2ρ
⎤
⎦ . (30)
The scalar and gauge boson masses depend on two VEVs
(vW and vχ0 ), on the projection angle β, and on the ten cou-
plings. We obtain the scalar masses by diagonalizing the cor-
responding 3 × 3 and 2 × 2 mass matrices given above.
We have in mind previous analyses [13,16,19] predicting
that the neutral scalar CP-even sector must contain a low
mass component corresponding to the SM Higgs particle H .
In addition, in this model, one expects two neutral scalars,
H01 and H
0
2 , in the CP-even sector. In the CP-odd sector,
there is another neutral scalar, H0cp, along with two Gold-
stone bosons. For the charged states, one expects six mas-
sive scalars, H±1 , H
±
2 , and H
±±, and another six Goldstone
bosons. All the eight Goldstone bosons give mass to the mas-
sive gauge bosons, i.e., the SM gauge bosons Z and W± and
the additional heavy bosons predicted by the present version
of the model, Z ′, V±, and Y±±. The four singly charged mas-
sive gauge fields (W± and V±), two doubly charged massive
gauge fields (Y±±), and two neutral massive gauge fields (Z
and Z ′). These gauge fields have to obtain mass from the
Higgs mechanism occurring at the electroweak vW scale and
at the vχ0 higher energy scale.
Our aim is to obtain the scalars, exotic quarks, and gauge
boson masses using minimal arbitrariness. In order to fit the
Higgs mass and the Goldstone fields with some set of param-
eters, one must respect the recent gauge boson Z ′ mass lower
limit determined from the upper limit on the ATLAS/LHC
electron and muon production cross section [12] (note also
that there are also similar constraints for the Z ′ from calcula-
tions of the muon magnetic moment [20]). By diagonalizing
the Mneutral matrix it is possible to respect the LHC con-
straint [12], Z331minimal > 2.93 TeV, and to reproduce the
SM Higgs mass. This in turn, from the expression for Z ′,
Eq. (15), leads to a lower bound on the scale, vχ0  3 TeV.
Once a given set of couplings are given, we obtain the
whole scalar spectrum from the eigenvalues of the corre-
sponding matrices calculated in the vacuum, vη = vη0 ≡
vW sin(β), vρ = vρ0 ≡ vW cos(β), and vχ = vχ0 . It results
in nine scalars constructed from the real components of the
fields. The SM Higgs is constructed from the combination
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η0 − ρ0. The other eight heavy scalars, namely H01 and H02 ,
are related to the η0–χ0 and ρ0–χ0 combinations, respec-
tively, H±1 and H
±
2 are related to the η
±
1 –χ
± and η±2 –χ±
combinations, respectively, and H±±, which is related to the
ρ±±–χ±± combination. In the CP-odd sector, there is one
heavy neutral H0cp, which is related to the imaginary part of
the neutral field components. The gauge bosons W±, V±,
and Y±± acquire their masses from the imaginary part of the
fields in the η±1 –ρ±, η
±
2 –χ
±, and ρ±±–χ±± combinations,
respectively. The neutral gauge bosons Z and Z ′ get their
masses from the imaginary part of the fields in the η0–ρ0
and ρ0–χ0 combinations, respectively.
As already observed, the model has a too large number
of free parameters, which makes it an almost impossible job
to study the complete parameter region allowed. Since our
objective in this work is to determine whether a strong first-
order phase transition in the model is possible, our strategy
for fixing the many couplings is then chosen so as to maxi-
mize this goal. For this purpose, we can borrow some of the
lessons already learned when studying the phase transition
in the SM and other extensions of it (see, e.g., Refs. [21–23]
and references therein). To satisfy the usual criterion for a
strong first-order phase transition, namely that the ratio of
the field expectation value at the critical temperature and the
critical temperature be larger than one, v(Tc)/Tc > 1, we
need, optimally, either a larger VEV at Tc and/or a small Tc.
Typically Tc is constrained by the scale, Tc ∝ v0, which for
us is rather large (recalling that vχ0  3 TeV and vη0 and
vρ0 are constrained by the Weinberg scale. Since in general
the VEV is given in terms of a combination of couplings and
masses, v ∝ mi/√λi , an ideally situation is to try to work
with the smallest couplings possible. There is, however, a
trade off. Too small couplings lead in general to a light par-
ticle spectrum, which for us is still limited by the scales and
observational bounds (in particular, other scalars than the
SM Higgs are expected to be sufficiently heavy for not being
detected yet). The Higgs mass mH itself is the only limiting
observational quantity we have in the scalar sector. Since the
Higgs is a mass eigenvalue for the CP-even scalar neutral
matrix, Eq. (23), it only (weakly) constrains the couplings
λi , i = 1, . . . , 6, and f¯1.
In the analysis below, we fix mH = 125 GeV and work
with four different sets of choices for couplings. Other pos-
sibilities can be shown to fall in one of these sets. In each
of the sets used, we look for the ideal conditions for hav-
ing a strong first-order phase transition, which, as mentioned
above, favors the smallest choice of couplings in general.
In all the sets we consider below, we found it more conve-
nient to vary the inter-couplings between the different fields,
λ4, λ5, and λ6, due to their relation to the SM Higgs mass
(the other inter-couplings λ7, λ8, and λ9, only appear on the
heavy charged scalars and are unconstrained by the Higgs).
We will consider the following four large sets of parameters:
(a) Set I: The couplings λi , with i = 1, 2, 3, 5, 6, 7, 8, 9,
such that λi = λ varied together with λ4;
(b) Set II: The couplings λi , with i = 1, 2, 3, 4, 6, 7, 8, 9,
such that λi = λ varied together with λ5;
(c) Set III: The couplings λi , with i = 1, 2, 3, 4, 5, 7, 8, 9,
such that λi = λ varied together with λ6;
(d) Set IV: The couplings λi , with i = 1, 2, 3, 7, 8, 9,such
that λi = λ and λ4 = λ5 = λ6 = λ¯, which are then
varied.
For all sets we have fixed f¯1 = 1. This is motivated by the
fact that f¯1 determines the asymmetry of the potential in the
χ direction and the more asymmetrical is the potential, the
more we expect to have a stronger first-order phase transi-
tion. Note also that the values of couplings larger than one can
make us enter in a nonperturbative regime of parameters. We
avoid this situation here, since we work only at the one-loop
level for the effective potential for the model (see next sec-
tion). In particular, we have explicitly checked that smaller
values of f¯1 always lead to weaker transitions. In addition,
for each of the sets explained above, we have chosen to work
with the higher energy scale vχ0 with values vχ0 = 3, 4,
and 5 TeV, satisfying the current constraints on the Z ′ mass,
as already mentioned. Likewise, for the projection angle β,
we have considered for each of the sets and values of the
scale, the three values β = 30◦, 45◦, 60◦. Again, we have
explicitly verified that larger asymmetries on the vη and vρ
directions are either disfavored, or there is a trade off, since
as we decrease the projection in one direction, there is a
compensation by the increase of the projection in the other
direction (recalling again that vη and vρ are constrained by
the Weinberg scale vW ). Nonetheless, our analysis shows
that the symmetrical case vη = vρ , i.e., β = 45◦, tends to be
favored as far as the strength of the transition is concerned.
Each one of the parameters in the above four sets is then
chosen so as to satisfy the Higgs mass mH = 125 GeV. The
resulting relations between these couplings subject to this
constraint are shown in Fig. 1a–d.
We note from the results shown in Fig. 1 that for sets II,
III, and IV, there are always minimal values for the couplings.
In the case of the set I, λi is a decreasing function of λ4.
For illustration, the resulting scalar mass spectrum in each
set is shown in Table 1. For convenience, we show only the
values at the minimal values of couplings in the case of the
sets II, III, and IV shown in Fig. 1. In the case of set I, the
values of the masses are for λ4 = 1, which we take as the limit
for a “perturbative” coupling. Note that exchanging β = 30◦
by β = 60◦ corresponds to change vη by vρ . The dependence
of M±2 on the set {vρ0 , vη0 } is the same as the dependence
of M±± on {vη0 , vρ0 }. As a consequence, the mass of the
singly charged scalar H±2 for β = 30◦ is the same as that for
the double charged H±± for β = 60◦. For completeness, the
123
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Fig. 1 Set of couplings fitting the SM Higgs mass. Dotted lines are for projection angle β = 30◦, dashed lines is for β = 45◦ and solid lines for
β = 60◦. The insets show a region around the minimal values for the couplings
heavy gauge boson masses MZ ′ , MV± and MY±± are shown
in Table 2, for the cases of vχ0 = 3, 4, and 5 TeV. Here again
the dependence of MV± on the set {vη0 , vρ0 } is the same as
that of MY±± on the set {vη0 , vρ0 } and so we observe that
MV± for β = 30◦ is equal to MY±± for β = 60◦, for any vχ0
value.
In the next section we introduce the quantum and thermal
corrections at the one-loop level for the effective potential in
the 3-3-1 model and we analyze its temperature dependence,
for the different set of parameters explained above, obtaining
the symmetry restoration temperatures. As input, we use the
SM values for the masses of the Higgs, quark top, gauge
boson Z , and W±: mH = 125 GeV, mtop = 173.21 GeV,
MZ = 91.19 GeV, and MW± = 80.39 GeV. The exotic




4 The one-loop effective potential for the 3-3-1 model
The effective potential is expressed as a function of the
background values for the scalars 〈η〉 = vη, 〈ρ〉 = vρ ,
and 〈χ〉 = vχ . It depends on the loop contributions from
the gauge bosons, through their tree-level background-field-
dependent masses, as well as those from fermions that can
give a significant contribution to the effective potential,
namely the top quark (t) and the three exotic heavy quarks
(Q). Finally, we also have to add the contributions from the
SM Higgs and from the nine scalars that become heavy in the
vacuum after the first SSB. Besides, when choosing a gauge
other than the unitary gauge, we have also to include the con-
tributions from the eight Goldstone bosons. In this work, as
is usual in the literature (see, e.g., Ref. [21] and references
123
344 Page 8 of 13 Eur. Phys. J. C (2016) 76 :344
Table 1 The masses (in units of TeV) for the additional scalars in the






30◦ 3.218 1.320 3.226 3.224 2.869 1.743
I 45◦ 2.991 1.345 3.003 3.000 2.225 2.225
60◦ 3.218 1.320 3.226 3.224 1.743 2.869
30◦ 3.225 1.694 3.226 3.224 2.920 1.825
II 45◦ 3.003 1.762 3.003 3.001 2.301 2.301
60◦ 3.226 1.692 3.226 3.224 1.825 2.920
30◦ 3.226 1.692 3.226 3.224 2.920 1.825
III 45◦ 3.003 1.762 3.003 3.001 2.301 2.301
60◦ 3.225 1.694 3.226 3.224 1.825 2.920
30◦ 3.223 1.148 3.226 3.224 2.852 1.715
IV 45◦ 2.998 0.383 3.003 3.000 2.133 2.133
60◦ 3.223 1.148 3.226 3.224 1.715 2.852
Table 2 The masses (in units of TeV) for the heavy gauge bosons Z ′,
V± and Y±±




3 45◦ 3.035 0.982 0.982
60◦ 0.983 0.981
30◦ 1.307 1.309
4 45◦ 4.047 1.308 1.308
60◦ 1.309 1.307
30◦ 1.634 1.635
5 45◦ 5.059 1.634 1.634
60◦ 1.635 1.634
therein), we give the expression for the effective potential in
the ‘t Hooft–Landau gauge.
The effective potential in terms of the background fields
is expressed as
Veff(vη, vρ, vχ , T ) = Vtree(vη, vρ, vχ ) + V0(vη, vρ, vχ )
+VT (vη, vρ, vχ , T ), (31)
where Vtree is the tree-level potential, Eq. (19), V0(vη, vρ,
vχ ) is the zero temperature (quantum) contribution for the
one-loop effective potential, while VT (vη, vρ, vχ , T ) is the
finite temperature contribution at the one-loop level.
The one-loop quantum contribution V0 is ultraviolet
divergent and needs to be renormalized. In the cutoff reg-
ularization scheme with the subtraction point chosen at the
scalar vacuum expectation values (thus preserving the values
of vη0 , vρ0 , and vχ0 ), V0(vη, vρ, vχ ) is given by [21]
Fig. 2 The vacuum subtracted tree-level potential (solid line) and the
one-loop quantum corrected effective potential (dashed line) in the
direction of the background scalar field vχ (at vη = vρ = vW /
√
2)
(a) and in the direction of the background scalar field vη = vρ (b),
expressed in terms of φ = ±
√
v2η + v2ρ . The potential is in units of
TeV4 and the background fields are in units of TeV. The parameters
used are those from set II, for tan(β) = 1 and vχ0 = 3 TeV
































where ni in Eq. (32) denotes the field degrees of free-
dom: The massive charged gauge bosons have ni = 6
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(e.g., W±, V±,Y±±), the neutral massive gauge bosons have
ni = 3 (e.g., Z , Z ′), the heavy quarks have ni = −12 (e.g.,
the top t and the three new exotic quarks Q) and each of
the neutral and charged scalars has ni = 1. The last sum in
Eq. (32) is over the Goldstone modes, each one contributing
with nG = 1. Finally, the masses mi(G)(v) and mi(G)(v0),
with v ≡ vη, vρ, vχ , and v0 ≡ vη0 , vρ0 , vχ0 , stand for the
particle masses computed at the background and vacuum
expectation values, respectively.
As an example, in Fig. 2 we show both the tree-level
and the one-loop quantum corrected potentials in the case of
tan(β) = 1, i.e., for vρ = vη, in the set II case of parameters
explained in the previous section, taken at the minimal values
of couplings. We have also considered the scale vχ0 = 3 TeV.
For convenience of presentation, we have subtracted from the
potential the vacuum contribution at the origin (correspond-
ing to an overall shift of the whole potential).
The finite temperature contribution in Eq. (31),
VT (vη, vρ, vχ , T ), is given by [24]































The thermal bosonic one-loop integral (34) admits a high-
temperature expansion, for y  1 (where y = m(v)/T ). It
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while the thermal fermionic one-loop integral (35), for y 
1, can likewise be expressed as































In the above expressions, ab = 16π2 exp(3/2 − 2γE ) (and
ln ab = 5.4076), a f = π2 exp(3/2 − 2γE ) (or ln a f =
2.6351), and ζ is the Riemann ζ -function.
In the opposite regime of a low temperature, y > 1, the













It is interesting to find where the behavior of JB(F) at low tem-
perature matches its high-temperature expression. We find
that the transition between the low- and high-temperature
approximations occurs at y  2.25 for the bosonic thermal
integral and at y  1.85 for the fermionic thermal integral.
This is sometimes more useful for the numerical analysis
than using the exact expressions (34) and (35). More explic-
itly, we find that a simple interpolation of the two regimes
and a truncation in the high-temperature series in Eqs. (36)






























































θ(y − 1.85), (40)
which provide an excellent coverage of the exact integrals
(34) and (35), respectively, in the whole region of high and
low temperatures. It is crucial in the present work to pay par-
ticular attention to the specific approximation to be used in
the effective potential, due to the large disparateness of the
mass scales that the model has. At a given temperature, some
particles may acquire a mass that is below the temperature
and others might have a mass above the temperature, so we
have different contributions to the effective potential at dif-
ferent temperatures. This is particularly important when we
investigate the behavior of the effective potential in between
the first transition and the final electroweak phase transition
in the model.
In the next section we will present the results for the phase
transition pattern in the 3-3-1 model for the different choices
of the sets of parameters explained in Sect. 3.
123
344 Page 10 of 13 Eur. Phys. J. C (2016) 76 :344
5 Phase transition pattern in the 3-3-1 model
We can clearly identify the two transitions in the model as
the temperature is lowered from values T  vχ0 to val-
ues below the electroweak scale, T  vW . First, the higher
symmetry SU (3)L × U (1)X group is broken down to the
electroweak one, SU (2)L × U (1)Y , at a temperature below
the 3-3-1 scale vχ0 . Then follows the usual electroweak phase
transition, SU (2)L × U (1)Y → U (1)EM , at a temperature
slightly below the Weinberg scale vW .
As an illustrative example of the phase transition related to
the two SSB in the model, the temperature-dependent poten-
tial is shown in Fig. 3, considering the parameters of set II,
with the couplings at its minimum values, for tan(β) = 1 and
vχ0 = 3 TeV. In Fig. 3a we show the effective potential in the
direction of vχ . It shows the behavior of the effective poten-
tial with the temperature. For temperatures above the scale
for the electroweak symmetry breaking, the temperature-
dependent values vη(T ) and vρ(T ) vanish (or, equivalently,
φ(T ) =
√
v2η(T ) + v2ρ(T ) = 0), since the electroweak sym-
metry is still in the symmetry restored phase. Figure 3a then
shows that there is a temperature T = Tc1 for which the
potential displays degenerate minima at the origin. Below
this critical temperature the minimum with non-vanishing
background field value becomes the global minimum and for
temperatures slight above the critical value it is a local mini-
mum, with the origin being the state of minimum energy. This
corresponds to a background value for the χ field, 〈χ〉 ≡ vχ ,
that changes discontinuously with the temperature, jump-
ing from a value vχ = 0 to a non-vanishing value at the
temperature T = Tc1 . This is the characteristic of a first-
order phase transition (as opposite to a second-order phase
transition, where the background field changes continuously
with the temperature). The same behavior as seen in Fig. 3a
is also shown in Fig. 3b. In Fig. 3b we show the effective
potential in the direction of vη = vρ (expressed in terms
of φ) for temperatures below the Weinberg scale vW . For
these low values of temperature, we have vχ ≈ vχ0 , i.e., the
thermal expectation value for the χ field already approaches
its vacuum value vχ0 . All the heavy particles that make the
extra particle spectrum of the 3-3-1 model acquire masses
close to their vacuum values1 and they contribute little for
the effective potential at this scale. Hence, the particle con-
tent dominating the effective potential at T ∼ Tc2  vχ0
is essentially that of the standard model. Figure 3b shows
that the final transition, corresponding to the standard model
one, SU (2)L × U (1)Y → U (1)EM , happens at a tempera-
1 Note that the heavy particles have a dependence on the background
fields vη and vρ , which are, however, zero at and above the critical
temperature Tc2 . Thus, all heavy particles, with the exception of Z
′ and
the heavy quarks Q, which only depend on vχ , will have values close
to but not exactly at their vacuum values.
Fig. 3 The vacuum subtracted one-loop temperature-dependent effec-
tive potential in the direction of the background scalar field vχ (at
vη = vρ = 0) (a) and in the direction of the background scalar field
vη = vρ (b), expressed in terms of φ = ±
√
v2η + v2ρ . The temperatures
considered are above, at, and below the critical values. Tc1 and Tc2 cor-
respond to the values computed at the scale vχ0 = 3.0 TeV, for the case
of parameter set II and for tan(β) = 1 and whose values are quoted in
Table 3. The potential is in units of TeV4 and the background fields are
in units of TeV
ture T = Tc2 < vW and it is of the type of a first-order phase
transition.
In Table 3 we summarize the results for the two phase
transitions in the 3-3-1 model, where we give the value for
the critical temperatures for the two phase transitions in the
model. The first one happens at a temperature Tc1 and cor-
responding to the symmetry breaking SU (3)L × U (1)X →
SU (2)L × U (1)Y , and the second transition, corresponding
to the electroweak symmetry breaking SU (2)L ×U (1)Y →
U (1)EM , happens at the temperature Tc2 . Results are shown
for the four sets of parameters considered in this work and
for the three different projection angles β (vη/vρ = tan(β)).
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Table 3 The critical temperature (in units of TeV) for each of the tran-
sitions and the ratio of the vacuum expectation value of the relevant field
by the critical temperature. Tc1 corresponds to the critical temperature
for the first transition, SU (3)L ×U (1)X → SU (2)L ×U (1)Y , while Tc2
corresponds to the one for the second transition, SU (2)L × U (1)Y →
U (1)EM . The results shown are for the scale vχ0 = 3 TeV
Set β Tc1 〈vχ (Tc1 )〉/Tc1 Tc2 〈φ(Tc2 )〉/Tc2
30◦ 1.494 0.847 0.344 0.023
I 45◦ 1.462 1.094 0.374 0.018
60◦ 1.494 0.847 0.344 0.023
30◦ 1.701 0.800 0.205 0.080
II 45◦ 1.830 0.525 0.204 0.080
60◦ 1.811 0.530 0.205 0.080
30◦ 1.810 0.530 0.204 0.080
III 45◦ 1.829 0.525 0.204 0.080
60◦ 1.698 0.807 0.204 0.080
30◦ 1.295 1.060 0.205 0.079
IV 45◦ 0.365 8.082 0.203 0.080
60◦ 1.295 1.060 0.205 0.079
We also show the ratio of the background field working as an
order parameter for each transition to the temperature at the
critical point. As already mentioned, this is a useful measure
of the “strength” of the phase transition, as usually considered
in the literature [1–3,21] (for other alternative forms of char-
acterizing the strength of the transition, particularly useful for
weak first-order phase transitions; see, e.g., Refs. [25,26]).
In all cases shown in Table 3 the parameter sets are taken
at their minimal values, shown in Fig. 1. We have explicitly
verified that the values of Tc1 specified correspond to the min-
imum possible critical temperature found within the range of
couplings shown in Fig. 1. Changing the values of the cou-
plings away from the minimum values satisfying the Higgs
mass constraint always tend to increase the value of Tc1 and,
consequently, decrease the ratio 〈vχ (Tc1)〉/Tc1 . The same is
true in general for Tc2 , except for the case of set I, where we
find that decreasing the value of the coupling λ4, Tc2 tends
to decrease, thus increasing the ratio 〈φ(Tc2)〉/Tc2 , but the
minimum values of Tc2 we have found are still limited by the
minimum values shown in Table 3, and 〈φ(Tc2)〉/Tc2  0.08.
This then implies that the results for the second transition,
corresponding to SU (2)L × U (1)Y → U (1)EM , has values
for the ratio 〈φ(Tc2)〉/Tc2 that are always much smaller than
one, which characterizes a very weak first-order, possibly
second-order, phase transition. We have explicitly verified
that by increasing the scale vχ0 it causes very little changes
to the second transition. This is consistent with the fact that
the higher is vχ0 , the sooner the heavier particles decouple
from the SM electroweak spectrum. We also note that closer
to the transition point it is also known that self-energy correc-
Fig. 4 The functional dependence for the masses for the scalars H02
and H±2 for the parameter set IV case and for tan(β) = 1. Units are in
TeV
tions to the effective potential can make the transition even
weaker [21,27].
As far as the first transition is concerned, corresponding
to SU (3)L × U (1)X → SU (2)L × U (1)Y , we find that it
has a value for the critical temperature that increases pro-
portionally to the scale vχ0 , as we would expect on general
grounds. The ratio 〈vχ (Tc1)〉/Tc1 tends to be closer to one,
becoming larger when the scale increases. Among the dif-
ferent sets of parameters we have considered, the one most
favorable for producing a strong first-order phase transi-
tion, 〈vχ (Tc1)〉/Tc1 > 1, is set IV, as explicitly noted from
the values shown in Table 3. In particular, the case with
tan(β) = 1, i.e., vη = vρ , is the one that is able to pro-
duce the strongest transition. Note, however, looking at the
values for the scalar mass spectrum shown in Table 1, that
this is also the case that leads to the smallest mass for the
Higgs like scalar particle H02 , with a mass MH02
 383 GeV.
Increasing the scale vχ0 this value of the mass also increases.
For example, for vχ0 = 5 TeV, we have MH02  616 GeV
and Tc1 = 605 GeV, with a ratio 〈vχ(Tc1)〉/Tc1  8.12. In
Fig. 4 we show the functional dependence for the masses of
the lightest scalars after the standard model Higgs, i.e., for
the scalars H02 and H
±
2 (note that the double charged scalar
H±± is degenerate in mass with H±2 when tan(β) = 1). The
value of Tc1 tends to increase (and consequently the ratio
〈vχ(Tc1)〉/Tc1 decreases) as we move from the smallest val-
ues of masses toward the largest values. For example, in the
case vχ0 = 3 TeV, for MH02 = 1 TeV, we find that Tc1  1.1
TeV and 〈vχ (Tc1)〉/Tc1  1.8. Typically, we find that for
all sets of parameters considered, Tc1 ≈ MH02 within around
10 %. Note that this automatically implies a lower bound,
MH02
 vW , since the first transition must obviously occur
at a temperature above the electroweak one.
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6 Conclusions
In this work we have studied the symmetry breaking patterns
of the 3-3-1 model at finite temperature. Making use of the
minimal version of the model, we have first analyzed its scalar
sector, which is constructed from three scalars in the triplet
representation of SU (3)L and the most general renormaliz-
able interactions that can be constructed with these fields.
Despite the very large parameter space of the model, we
have made an extensive analysis of the model making use
of four large sets of parameters that give relations between
the scalar couplings. This was done in such a way as to maxi-
mize the possibility of finding a strong first-order phase tran-
sition on this model, motivated by its possible role in baryo-
genesis scenarios in extensions of the SM. This allowed us
to make a systematic (though far from complete, it should
be sufficiently representative for our purposes in this work)
investigation of the two symmetry transitions in the model,
SU (3)L × U (1)X → SU (2)L × U (1)Y and the standard
electroweak one, SU (2)L × U (1)Y → U (1)EM .
On studying the temperature effects on the effective poten-
tial at the one-loop level, and within the approximations used,
we have shown that the model encodes two first-order phase
transitions. The last one, corresponding to the standard elec-
troweak phase transition, SU (2)L × U (1)Y → U (1)EM ,
turns out to be always very weak, most likely turning into
a second-order or a crossover in practice. For the first tran-
sition, corresponding to SU (3)L × U (1)X → SU (2)L ×
U (1)Y , we find that there are regions of parameters that can
favor a strong first-order phase transition and, in particular,
we have found that the critical temperature in this case is
always close to the mass of the Higgs-like scalar H02 . This
indicates that we can use the estimated value for the mass
MH02
as a reasonable estimate for the temperature of transi-
tion Tc1 .
Our results should be contrasted with some previous anal-
yses of the phase transition performed in some variants of the
3-3-1 model done in Refs. [28,29]. In Ref. [28] the authors
have used the so-called reduced minimal 3-3-1 model, while
in Ref. [29] the economical 3-3-1 model was used. These
models differ from the one we have used in the present
work in the sense that they have a reduced number of cou-
plings in the potential for only two scalar triplets interac-
tions. The economical 3-3-1 model has a much richer lep-
tonic content than the reduced minimal version and both
versions exclude quarks with exotic electric charges. The
SSB mechanism applied for determining how each ordi-
nary or new gauge boson acquires the mass follows the
same road as usual. The Goldstone bosons are identified,
but no numerical value for the masses of the scalars have
been shown. In Refs. [28,29] the authors find parameter
regimes where strong first-order phase transitions are found
for both the SU (3)L × U (1)X → SU (2)L × U (1)Y and
the SU (2)L × U (1)Y → U (1)EM transitions. This discrep-
ancy as regards the strength of the predicted two step phase
transition in these alternative models with our present results
deserves an interpretation.
We believe that the most important source for the differ-
ence between our results and the previous ones come from
the fact that in Refs. [28,29] it was assumed that only one
field direction would contribute at each transition, e.g., with
vη = 0 in the first transition along the vχ direction and with
vχ = 0 in the second transition along the vη direction. While
this is basically true in the first case, where the temperature
is sufficiently high to have vη,ρ = 0, this is not the case for
the second transition. As we have explained in Sect. 5, in
the first transition the electroweak phase would still be in its
symmetry restored phase for temperatures T  vW , thus
vη = vρ = 0. However, for the second transition, the tem-
perature is already low enough, T < vW , so that vχ ≈ vχ0
and all the heavy particles that make the extra particle spec-
trum of the 3-3-1 model acquire masses close to their vac-
uum values decoupling from the particle spectrum (e.g., their
temperature-dependent contributions to the effective poten-
tial become all Boltzmann suppressed). The particle content
at these low values of the temperature is then dominated
essentially by that of the standard model. As such, we expect
the results not to differ strongly from the ones known for
the phase transition in the standard model. That the heavy
mass particles of the 3-3-1 model contributes little at the elec-
troweak phase transition is confirmed by the results. We have
found in all cases of sets of parameters considered here that
the critical temperature Tc2 as well the ratio 〈vη(Tc2)〉/Tc2 is
very weakly dependent on the scale vχ0 , which controls the
masses of the heavy particles.
Our results show that using the parameter set IV, in par-
ticular for tan(β) = 1, can lead to a very low critical temper-
ature for the first transition. In particular, we have obtained
the result that, for all parameters studied, Tc1 ≈ MH02 within
around 10 %. This result and the possibility of having a criti-
cal temperature Tc1 not too high above that for the EWPT, Tc2 ,
are deserving of further analysis in the future and may have
for this model important implications as regards astroparticle
physics and cosmology.
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